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INTRodUCTIoN
Speech production models guiding research in the field of acquired speech impairments are anchored in contrasting viewpoints about the nature of language and mechanisms involved in speech production and its impairments. One such viewpoint holds that language is composed of relatively autonomous processing subsystems where each of them is assigned a specific functional role such as lexical or morphological processing. In this account, speech production is conceptualised as a linear top-down process combining retrieval of information stored in the memory and computation processes involving units of encoding specific to a given domain. In architectures based on these assumptions (e.g. Garrett, 1980; Levelt, 1989 Levelt, , 1999 , phonological and phonetic encodings are thus regarded as two functionally separate and largely independent components organised hierarchically with phonological encoding giving output for further phonetic programming. Importantly, the word-form encoding proceeds according to the principle of seriality, dominant in this account, which postulates that only one item selected during the phonological encoding can constitute the entry of the phonetic module, where it is further translated into motor commands. A shortcoming of such architectures, with respect to phonetic and phonological processing, consists in the fact that it does not account for the variability which is systematically revealed during the conversion of higher level representations into overt speech.
An opposed view, embraced by connectionist models (e.g. Dell, Chang & Griffin, 1999; Dell, Juliano & Govindjee, 1993; Dell, Schwartz, Martin, Saffran & Gagnon, 1997; Dell & O'Seaghdha, 1992; Thomas & McClelland, 2008) , envisages speech production as a network of elements in interaction and a continuous processing space where gradient phenomena are easily accommodated but where specific functional components are not so easily isolated. In contrast to serial architectures, connectionist models allow information activated at former stages of encoding to influence processing at later levels. An important methodological consequence of such a conceptualization of information flow is that the speech output may contain traces of information partially activated and streamlined from an earlier to later stage, such as phonological characteristics of words similar in form to the target word that the speaker intends to produce. Within the connectionist framework, phonological and phonetic domains are thus conceived of as partly overlapping and inextricably intertwined such that clear-cut boundaries do not exist. However, while these models have generated specific hypotheses concerning phonological encoding, less attention has been devoted to the subsequent and ultimate phonetic stage and the exact mechanisms whereby symbolic phonological representations are transformed into articulatory gestures.
It is within these contrasting frameworks that researchers have tried to elucidate the underlying nature of errors affecting the sound shape of words-substitutions, deletions, insertions and metatheses-commonly referred to in the aphasic bibliography as phonemic paraphasias (see Buckingham, 1992 for a review). Errors perceived as segmental substitutions are among the main symptoms of several acquired neurological disorders including Broca's aphasia, apraxia of speech and conduction aphasia, and the underlying mechanisms that give rise to them are generally situated at one of the processing levels between lexical access and articulation (e.g. Code, 1998; Ziegler, 2002 Ziegler, , 2008 . However, what mechanism is exactly responsible for these errors remains a matter of debate (e.g. recent studies or reviews by Buchwald & Miozzo, 2012; Kurowski & Blumstein, 2016; Laganaro, 2015; Pouplier & Hardcastle, 2005) . The present paper is highly concerned with this question and seeks to contribute to the existing evidence by addressing some of the understudied issues related to the mechanisms responsible for substitution errors in Broca's and conduction aphasia. In the following paragraphs we will situate our research questions within the broad context of studies on phonemic paraphasias and the factors that may constrain them.
In aphasiology, and especially in the field of phonemic paraphasias, one of the main research goals over the past decades has been to establish a threefold correspondence between symptoms, underlying causes and aphasic syndromes (Blumstein, 1973; Blumstein, Cooper, Goodglass, Statlender & Gottlieb, 1980; Buchwald & Miozzo, 2012; Buchwald, Rapp & Stone, 2007; Buckingham, 1986; Buckingham & Christman, 2008; Canter, Trost & Burns, 1985; Lecours & Lhermitte, 1969; Nespoulous, Joanette, Ska, Caplan & Lecours, 1987; Nespoulous, Lecours & Joanette, 1983; Tesak & Code, 2008 among others) . This objective was framed with ease within the modular framework of language encoding precisely because of the modularity assumption but also because of the apparent naturalness with which this framework accommodated the double dissociation procedure (but see Plaut, 1995; Shallice, 1988) , thus allowing researchers to link selective impairments of a processing component with a particular clinical syndrome. A classical hypothesis in aphasiology oriented by this viewpoint has opposed a phonetic deficit, attributed to Broca's aphasia and apraxia of speech, to a phonological deficit in conduction aphasia (e.g. Alajouanine, Ombredane & Durand, 1939; Béland & Valdois, 1989; Lecours & Lhermitte, 1969; Valdois & Nespoulous, 1998 ). Evidence to support or reject this claim came mainly from two kinds of studies, on the one hand perceptual studies that attempted to identify the factors which promote or constrain a given error type (Laganaro & Alario, 2006; Laganaro & Zimmermann, 2010; Romani, Olson, Semenza & Granà, 2002 among others) , and on the other hand from instrumental-acoustic and articulatory-studies that sought to discern the source of disruptions on the basis of fine-grained descriptions of errors presenting a similar surface form (e.g. Baqué, Marczyk, Rosas & Estrada, 2015; Baum, Blumstein, Naeser & Palumbo, 1990; Baum & Slatkovsky, 1993; Blumstein et al., 1980; Buckingham & Yule, 1987; Nespoulous, Baqué, Rosas, Marczyk & Estrada, 2013; Pouplier & Hardcastle, 2005; Tuller & Seider Story, 1988) .
While a number of studies reported evidence supporting the classical claim, other studies, in particular instrumental investigations, reported findings that forced re-searchers to reconsider the phonetic vs. phonological impairments dichotomy.
One such set of findings concerns the phenomenon reported first by Blumstein et al. (1980) and thereafter termed a subtle phonetic deficit. Subtle phonetic deficit (see Vijayan & Gandour, 1995 for a review) refers to the presence of phonetic irregularities revealed by acoustic analyses in the output of aphasic patients with, presumably, phonological but not phonetic deficit (i.e., Wernicke and conduction aphasia). The irregularities observed concern abnormal distributions of values for the acoustic parameters of both consonants (see Vijayan & Gandour, 1995 for references) and vowels (e.g. Baqué, 2015; Ryalls, 1986) , such as longer segmental durations, instability of production, narrower vocalic space and a tendency towards more opening in vowels, or overlapping distributions for voiced and voiceless stops VOT values, which are not registered by the listener's perception. These findings challenge the classical explanation in the sense that they seem to suggest either that fluent aphasic subjects (Wernicke, conduction aphasia) exhibit a concomitant phonetic disorder or that the phonetic irregularities observed result from a disruption at a higher processing level and are carried over to speech output thanks to interaction between the domains, against the predictions of the seriality assumption.
Indeed, when reargued from the connectionist perspective, phonetic deviations encountered in the speech of fluent aphasic patients have been hypothesised to reflect traces of the activated but unselected neighbours of the target word (Kurowski & Blumstein, 2016) . When the phoneme belonging to a competitor is activated, the information specifying its subphonemic features is sent down the system and processed further. This parallel processing results in the irregularities captured by acoustic analyses. Similar patterns have been also observed in normal speakers using the tongue-twisters paradigm (Goldrick & Blumstein, 2006; Pouplier, Marin & Waltl, 2014) .
The connectionist interpretation of observed acoustic patterns raises several interesting questions and suggests promising research avenues. The first of them concerns interaction. Even within connectionist accounts of speech production, the exact scope of interaction is still an unsettled matter. The controversies concern the question whether interaction influences only adjacent or also distant domains-for example, lexical to articulatory or phonological to articulatory processes-or whether it operates exclusively forward or also backward. An assessment through computational simulation of speech architectures ranging along a serial/interactive dimension for their capacity to account for speech errors (Rapp & Goldrick, 2000) concludes that these are best accounted for by cascading models with the interaction limited to semantic-phonological domains. Thus, on the one hand, the hypothesis that competition at the lexical and phonological levels exerts influence on articulatory processes needs to be substantiated by more research studying involving not only speakers with speech pathology but also healthy. On the other hand, the existence of co-activation at certain levels does not necessarily rule out the serial organization of certain processes occurring at the motor level. Indeed, there is some evidence supporting a modular and hierarchical structure of specific aspects of motor control (see Kent, Kent & Weismer, 2000 for a review). An examination of speech production architectures relative to word-form encoding processes across the seriality/interactivity dimension may thus give further insights into how speech is produced.
Secondly, the notion that phonetic irregularities are interpreted as traces of lexical competitors-usually lexemes differing from the target word by one interphonemic distance-is a matter of hypothesis, which in turn depends on the model that guides the research question. Thus, the traces hypothesis is based on two underlying assumptions, first, that words compete for selection and, second, that competitors are further processed at later stages of encoding in parallel with the target item, and thus influence their phonetic characteristics.
Regarding the first assumption, previous research carried out within the connectionist framework has shown that the structure of the lexicon, including the number of phonological competitors and their respective potential to be selected, that is, their frequency of occurrence, facilitates lexical access and production accuracy in both healthy subjects and aphasic speakers (e.g. Dell & Gordon, 2003; Goldrick, Folk & Rapp, 2010; Gordon, 2002; Gordon & Dell, 2001; Vitevitch, 2002) . Since the lexicon is language-specific, and morphological structures in English and Spanish differ on a number of points, more research is needed to test this hypothesis cross-linguistically. Indeed, Vitevitch and Stamer (2006) found no phonological neighbourhood size effect on response times in a picture-naming task in Spanish speakers and attributed this difference to the differing morphological structure of these two languages. To our best knowledge, the effects of neighbourhood characteristics on aphasic paraphasias produced by Spanish speakers have not been yet examined. Moreover, neighbourhood factors may exert an influence on speech encoding beyond frequency effects. Both connectionist and serial models account for frequency of occurrence effects. In serial frameworks, frequency effects are epistemologically related to the processes of information retrieval and are not limited to lexeme frequency but include as well specific hypotheses regarding syllabic frequency (e.g. Cholin, Dell & Levelt, 2011; Jescheniak & Levelt, 1994; Levelt & Wheeldon, 1994) .
The second assumption concerns the interaction between the lexical and phonetic processing. Since the competitors, as mentioned above, differ from the target word in one segment, usually at one interphonemic distance, the hypothesis is that the intermediary phonetic realizations of the segment-i.e., neither [s] and nor [z] but something in between (Kurowski & Blumstein, 2016) -are due to the influence of the competitor. However, it is possible to imagine that the traces may be due to other factors and influences, whether cognitive variables such as memory, general cognitive effort, error awareness and errors monitoring, or phonetic factors such as articulatory tension. While such questions may be difficult to translate into experimental designs, they are theoretically possible and could contribute to a better understanding of the mechanisms involved in speech production.
This state-of-the-art-summary shows that at present there does not exist a model that can encompass the multiple dimensions of phonemic paraphasias analyses. The present study does not claim to fill this gap but rather is merely intended to contribute to the existing body of evidence, taking as a starting point some of the questions that have been raised by previous studies. Specifically, it seeks to identify the predictors of segmental substitution errors elicited in reading and repetition tasks, which examine speech production accuracy at a post-lexical level. The substitutions we are concerned with involve a change in the perception of voicing or manner of articulation category. Thus, our primary research goal is to explore the relationship between segmental substitution errors and the following:
• Factors related to frequency including word and syllable frequency and neighbourhood size and neighbourhood frequency mean.
• Phonetic and phonological factors including lexical stress, phonetic context, phonological category of the substituted sound and position in the word. • How the above factors and potential differences in how they influence errors depending on the aphasic profile.
METHod

Stimuli
Criteria for stimuli preparation
The errors we study here were elicited using a corpus compiled by Baqué et al. (2008) . The principal objective of this corpus was to examine errors that affect the word at the level of the segment and to test them for phonetic variables. Thus, the stimuli list consisted of a set of 240 words which contained target consonants /p, t, k, b, d, ɡ, f, s, θ, x, ùʃ/ in different phonetic contexts, stress conditions and vowel environments.
The lexical items belonged to different lexical categories, comprising nouns, verbs, adjectives and adverbs and including both inflected and uninflected forms (e.g., gastar, suspira, gatas, etc.) as well as common and proper nouns (e.g., Zamora, trabajo, etc.). The set contained two monosyllabic items (boj, faz), four tetrasyllabic words (practicante, brazalete, dramático, administrar) and one pentasyllabic word (desfavorable). The remaining 233 stimuli were either bisyllabic or trisyllabic.
Frequency and neighbourhood aspects of the stimuli
Some of the variables which we sought to assess in the study were not taken into account during the stimuli creation and were attributed to the lexical items of the stimuli lists at a later stage. This includes the factors describing the neighbourhood characteristics of the target item such as neighbourhood density (henceforth PTHN) and neighbourhood frequency mean (henceforth PTHF), as well as its frequency aspects, including word/lexeme frequency, syllabic frequency and phonemic frequency.
PTHN is defined as the number of lexical entries in a given lexicon that result from a deletion, addition or substitution of a segment with regards to the target item (Vitevitch, 1997) . Words can belong to either sparse or dense neighbourhoods. For example, a lexical entry cava can have various phonological neighbours including casa, cara, cama, cabo, daba, caza, calla, acaba, cabra, cavar, clava, etc. and is said to belong to a dense neighbourhood, in contrast to a word like flama which has only a few phonological neighbours like llama, flaca, lama or fama and thus is said to belong to a sparse neighbourhood. According to cascading models of speech production, the neighbours of the "correct" lexical item are hypothetically co-activated during encoding. Moreover, the coactivation strength of competitors may vary depending on the frequency of occurrence of each item. It has been hypothesised that not only the target word frequency but also the frequency of its competitors can influence speech production. In particular, it has been argued that the higher the frequency of a given neighbour, the stronger its chances of being selected against the target less-frequent lexical entry, which offers a plausible explanation for why a less frequent word like cava is likely to be replaced by a more frequent lexical item like casa. This effect is measured by PTHF, defined as the average number of occurrences of all the words in the neighbourhood of the target lexical item (Vitevitch, 1997) .
For the majority of items in our stimulus list, the values for both neighbourhood variables were obtained from an on-line cross-linguistic database for phonological and orthographic neighbourhood information (CLEARPOND: Marian, Bartolotti, Chabal & Shook, 2012) . This resource used a film and TV series subtitle corpora consisting of 39,935,628 words to extract neighbourhood characteristics of the contemporary Spanish lexicon (Cuetos, Glez-Nosti, Barbón & Brysbaert, 2011) .
For words that were not found in the database, the corresponding PTHN and PTHF were calculated by the software automatically.
Apart from neighbourhood characteristics, this study is also concerned with determining the effects of lexical item frequency and syllabic frequency. The word frequency values for all but 44 items on our list (82% of the total) were obtained from a database of 81,323 written tokens by Alameda and Cuetos (1995) , available online. The obtained values for the stimuli set ranged from 1 to 702, with a mean value of 47.06 (SD 1 = 101.40), the 44 items were coded for this variable as NA.
The syllabic frequency values were obtained from the online resource SYLLABARIUM by Duñabeitia, Cholin, Corral, Perea and Carreiras (2010) , based on B-Pal lexicon by Davis and Perea (Davis & Perea, 2005) . The values for this variable in our dataset ranged from 1 to 2701, with a mean value of 547.84 (SD = 775.25). Figure 1 represents schematically all the factors taken into account in the error analyses carried out in the present study.
As depicted in the chart, a given phoneme occupies a specific position in a word, it may pertain to either frequent or infrequent syllables, either stressed or unstressed, and may be embedded in a frequent or infrequent word, or a word belonging to a sparse or dense neighbourhood, with competitors characterised by higher individual frequencies or not. To take an example, /p/ is word-initial in the noun piso 'flat' and verbs pisó '(s/he) stepped' and parar 'to stop', and can be embedded in either a stressed (/ˈpiso/) or unstressed syllable (/piˈso/, /paˈɾaɾ/), one syllable being more frequent (/pa/) than another (/pi/), all of them embedded in words characterised by different individual frequencies of occurrence and pertaining to varying phonological neighbourhoods (e.g., 19 phonological neighbours in the case of piso and pisó and 11 in the case of parar).
Subjects
All the aphasic subjects preselected for this study were recruited from the Hospital Universitari de Bellvitge (Barcelona, Spain) according to a set of prespecified inclusion criteria, such as presence of phonemic paraphasias compatible with a Broca's or conduction aphasia profile, intact comprehension and absence of executive function alterations or visual and hearing impairments. All subjects were native speakers of Spanish or bilingual Spanish-Catalan speakers. Out of 10 patients examined, 8 met the above criteria and were further assessed using the MTBA-BCN aphasia battery (Baqué et al., 2006) , which confirmed the initial diagnosis of the speech therapist. On the basis of the diagnostic information gathered, the final population was grouped into two clinical categories consisting of four Broca's aphasic subjects and four conduction aphasic subjects. Table 1 provides detailed information about the subjects' characteristics. The exact scores for subjects' performance in aphasia assessment tasks as well as their linguistic description can be found in the Appendix.
Procedure
Error elicitation
The lexical items containing target consonants were randomised and placed at the end of short declarative sentences. The list of sentences was printed in 16-point Arial type with 2.0 line spacing, with the target item in boldface (e.g., Esta película es un drama 'This film is a drama'), and presented to the subjects in two experimental conditions, as either a reading or a repetition task. This choice was motivated by the fact that the goal of this study was to elicit errors that arise at the post-lexical level of speech encoding. Subjects were recorded either reading or repeating the stimulus sentences using a Sony ICD-CX50 visual voice recorder and a Sony high quality microphone in a soundproof room at the Hospital Universitari de Bellvitge. These tasks were carried out in 4-6 sessions for each subject over a period of 3-4 weeks. The sessions were independent of the speech-language therapy sessions that the subjects were receiving during the study period. 
Error coding
Audio recordings of all productions thus obtained were coded according to the subject, task and stimulus number. Every target consonant was identified either as a correct realization of given phoneme (e.g., /k/ in kilo à /k/ à CORRECT) or as a perceived substitution where the replacement consonant pertained to one of the preselected phoneme categories (e.g., /ɡ/ in gata à /k/ à ERROR). All the substitutions where the replacing consonant was different from the target set of consonants (e.g., initial /b/ in baba replaced by /m/) as well all the other types of errors were excluded from the present study. Most of the substitutions led to the creation of nonwords (lexical substitutions where the error and the target were semantically related were removed from further analyses). The transcription was carried out by the first author of this paper. In order to validate this classification, two independent native speakers of Spanish were presented with an identification test consisting of randomly chosen items from the data set, including both errors and correct productions, corresponding to 1% (N = 78) of the total number of stimuli, in conditions that closely resembled the original transcription. Cohen's Kappa was used to assess the interrater reliability in SPSS (version 21 for Windows). The inter-judge reliability was 94.2% (k = 0.033) between the author and first rater and complete (k = 1.00) between the author and second rater.
RESULTS
Identifying preferential tendencies
Out of 4824 consonants obtained in both reading and repetition tasks by the aphasic population studied, we obtained 675 productions that could be regarded as substitutions for the target sound. Substitutions represented the most frequent error type and accounted for 14% of all the production and 60% of all the segmental errors. This category was followed by segmental deletions (158 errors), distortions (72 errors), contextual substitutions (49 errors) and segmental additions (14 errors). The remaining errors were classified into one of the following categories: lexical substitutions, multiple errors, metathesis errors or "other". The analysis of errors belonging to one of the latter groups is beyond the scope of the present paper.
An initial analysis of substitution errors was carried out to detect preferential tendencies related to the phonological features of voicing and manner of articulation. As illustrated in Figure 2 (all bar graphs were done with sjPlot, Lüdecke, 2015) , we observed a strong tendency towards devoicing of voiced stops in both aphasic groups. Devoicing errors accounted for 53% (N = 245) of all substitutions in Broca's group and 48% (N = 104) in the conduction aphasic group. Sonorization errors were rare in both groups, accounting for less than 5% of all substitutions (19 and 10 errors of this type in the Broca's and conduction groups respectively).
With regard to manner of articulation, two opposite tendencies were identified, a tendency to occlusivise voiceless fricatives (N = 136) and a tendency to spirantise stops (N = 89). However, Broca's and conduction aphasic groups showed different patterns of errors. In Broca's group there was a dominant tendency to occlusivise voiceless fricatives, accounting for 25.8% (N = 119) of all substitutions, while these errors accounted for 8% (N = 17) of all substitutions in the conduction aphasic group. Conversely, the spirantisation errors accounted for 22.1% (N = 47) of all substitutions in the conduction aphasic group and 9.1% (N = 42) in the Broca's aphasic group. This pattern is depicted in Figure 3 .
Finally, all the groups of errors were significantly influenced by phonetic context. Chi square and Fisher tests were performed to examine the relation between phonetic context and different kind of errors. The relation between these variables was significant in all cases and indicated that the devoicing, occlusivisation and spirantisation errors were not equally distributed across all phonetic contexts.
For devoicing errors, as can be seen in Figure 4 , we observe more errors in the word-initial position than in any other phonetic context (χ 2 (4, N = 1068) = 64.88, p < .001). As depicted in Figure 5 , occlusivisation errors occurred more frequently in phonetic contexts that correspond to the syllabic onset (word-initial, intersonorant and post-consonantal positions), where word-initial position as well as in post-consonantal position seems to be particularly vulnerable to this type of error (χ 2 (4, N = 1130) = 30.87, p < .001). Concerning spirantisation errors, the majority of them were observed in syllabic coda (χ 2 (4, N = 2518) = 84.84, Fisher p < .001), as illustrated in Figure 6. 
Predicting substitution errors
The regression analyses reported below take as a starting point the results of the descriptive analyses summarised in the previous paragraphs. Substitution error is a broad, non-homogeneous category as suggested by the presence of preferential tendencies. Hence, the following analyses will focus on the three major types of substitution errors revealed by earlier examination: devoicing, occlusivisation and spirantisation errors. A common characteristic of all the error types is their sensitivity to phonetic context and syllabic structure. Clearly, for devoicing errors the wordinitial position is more error-prone in comparison to other phonetic contexts. On the other hand, it is the position in the syllabic structure, onset vs. coda, which seems to trigger different rates of occlusivisation and spirantisation errors. Therefore, for the analyses reported below, we will examine the factors predicting devoicing errors in two phonetic contexts, word-initial and non-initial position, while occlusivisation and spirantisation error categories will be controlled for their position in the syllable, and, when possible, also for the word position.
Setting the model
All statistical analyses reported in this paper were performed with the R Studio interface (RStudio Team, 2015) for R statistical software version 3.1.2 for PC (R Development Core Team, 2011) . Several mixed-effects logistic regression models were conducted on three binary outcome variables related to the presence of different types of substitution error in different phonetic environments. Subjects and items were entered as random intercepts which captures our data, where both main factors and their interactions are within-subject and within-item. Initial models included the following predictor variables: pathology, lexical stress, task, PTHN, PTHF, lexeme frequency, syllabic frequency, type of consonant and, depending on the outcome variable studied, phonetic context and syllable position. Before entering them into the analysis, all predictors were first checked for collinearity by calculating the variable inflation factor (VIF) for each of them (function available in the package car, Fox & Weisberg, 2011) . All the VIF values tested for each model fell below 2.0, thus confirming the collinearity assumption.
Rationale for interactions
Apart from the main effects, we sought to assess, where possible, the effects of interactions between the pathology and the rest of the predictors. The hypothesis that the different underlying error-generating mechanisms are a function of the clinical picture of aphasia would be supported if the interaction between the pathology and the other predictor proved to be statistically significant. Our second hypothesis on the nature of the underlying deficit in fluent vs. non-fluent aphasic group would be supported if post-hoc pairwise analyses of simple effects went in the expected direction, that is, if (1) no effect of "higher level encoding" variables on the probability of substitution errors was observed in the Broca's aphasia group (2) no effect of "low-level encoding" variables on the outcome variable was observed in the conduction aphasic group.
Predictors of devoicing errors
Two analyses were conducted to identify predictors of devoicing errors in initial and non-initial contexts. A devoicing error may occur only on a voiced stop (the phonological contrast of voicing in Spanish is limited to stops), hence, for the analyses reported below we retained all voiced stop consonants /b, d, ɡ/ (N = 520). Table 2 shows the confusion matrix for devoicing errors in both groups and across all phonetic contexts.
The first logistic regression model was intended to identify factors predicting devoicing errors produced on word-initial consonants. The following factors were candidates for predicting devoicing errors: lexical stress, PTHN and PTHF, lexeme frequency, syllabic frequency, consonant type, task and pathology, as well as their interactions with pathology.
We identified the following explanatory variables predicting devoicing errors: pathology (χ
2
(1) = 6.67, p = .010), lexical stress (χ
(1) = 13.48, p = .000) and consonant type (χ 2 (2) = 16.92, p = .000). Neither task, PTHN, PTHF, syllabic frequency, lexeme frequency, nor any interaction between the pathology and other predictors reached the significance level.
The results obtained with the lsmeans function show that the odds ratio of a devoicing error in the word-initial context is 18.66 times lower for conduction aphasia in comparison to Broca's group. Moreover, it is 2.45 times lower (p = .000) for consonants in stressed syllables vs. unstressed ones (the probability of observing a devoicing errors being 43% and 24% in unstressed and stressed syllables respectively). Finally, the stops /b/ and /ɡ/ are more sensitive to devoicing than /d/, the respective probabilities of error for each of these consonants being 34%, 48% and 18%. The results of the final model are listed in Table 3 .
Secondly, the logistic regression model for devoicing errors in non-initial contexts, including the same set of predictors as above, showed an effect of PTHN on the probability of observing a devoicing error, independently of the pathology group (χ 2 (1) = 4.84, p = .028). The result indicates that PTHN has a facilitating effect on accuracy. In other words, the probability of a devoicing error is 1.6 times lower in words pertaining to denser neighbourhoods vs. sparse neighbourhoods in both groups. The likelihood of observing a devoicing error is also influenced by the type of consonant (χ 2 (2) = 15.13, p = .000). Analyses revealed that the probabilities of observing a devoicing error are 11%, 5% and 19% for /b/, /d/ and /ɡ/ respectively. The difference between the error probabilities of /d/ and /ɡ/ is statistically significant (p = .000), while other contrasts do not reach the alpha level set at 0.05. Moreover, we observe a significant interaction between pathology and syllabic frequency (χ 2 (1) = 7.57, p = .006), while syllabic frequency and pathology as main effects did not reach the significance threshold. The examination of this interaction reveals a different pattern for the Broca's and conduction aphasic group. In the Broca's aphasic group the odds ratio of observing a devoicing error are 1.18 times higher for frequent syllables, while in the conduction aphasic group the odds ratio of observing such an error is 3.61 times lower the higher the syllabic frequency. This difference is statistically significant (p = .006). The results of the final model are detailed in Table 4 . Predicting segmental substitution errors in aphasic patients with phonological and phonetic encoding impairments • 9
Predictors of occlusivisation errors
In order to analyse occlusivisation errors we selected all the voiceless fricative of Spanish. We reported above that the rate of occlusivisation errors was significantly higher in the Broca's aphasic group than in the conduction aphasic group and moreover, that such errors occurred almost exclusively in the syllabic onsets. Hence, for the analyses reported below we retained all the fricatives produced by the Broca's group in any of the three phonetic contexts-word-initial, intersonorant and post-consonantal-corresponding always to the syllabic onset. The confusion matrix for occlusivisation errors in the Broca's group in presented in Table 5 .
The following predictors, which satisfied the non-collinearity requirement, were entered in the model: task, neighbourhood frequency mean, word frequency, syllabic frequency, consonant type (/f/, /s/, /θ/, /x/), phonetic context (only syllabic onset in the initial, intersonorant and post-consonantal position) and lexical stress (stressed and unstressed syllable).
The PTHN variable was removed from for the predictor candidates list since its VIF factor exceeded the threshold value 2.0.
The analyses of occlusivisation errors in syllabic onset positions in the Broca's group identified the effect of consonant type (χ 2 (3) = 19.76, p = .000) and the effect of phonetic context (χ 2 (2) = 8.18, p = .017). Lexical stress did not predict the occlusivisation error at the significance level set at 0.05, however it approached this threshold (χ 2 (1) = 3.69, p = .055).
Results indicate the lowest probability of occlusivisation error for alveolar /s/ (3%) and the highest for velar fricative /x/ (28%), followed by labiodental fricative /f/ (17%), the odds ratio for /f/ with respect to /s/ is 7.18 times higher (p = .004) while the odds ratio for /s/ with respect to /x/ is 13.02 lower (p = .001). All the other contrasts between consonants groups did not reach the significance level.
Finally, the probability of observing an error of this type is the highest in the word-initial position (17%), this context being followed by the post-consonantal position (15%) and it is the lowest in the intersonorant position (6%). The odds ratio increases 3.10 times for the word-initial position with respect to the intersonorant one (p = .017), and it decreases 2.29 times for the intersonorant with respect to the post-consonantal position (p = .048).
Furthermore, the test revealed that the probability of occlusivisation errors increases (the odds ratio is 37.31 times higher, p = .055) for fricatives in stressed syllables than in unstressed ones (the probability of errors being 9% and 15% in unstressed and stressed syllable respectively), although, as mentioned, this effect failed to reach the alpha level set at 0.05.
The results of the analyses are listed in Table 6 .
Predictors of spirantisation errors
Spirantisation errors were observed in both the Broca's and the conduction aphasic group. Table 7 presents the confusion matrix for this type of error, in both groups and across all phonetic contexts.
However, as can be seen from the data in Table 8 , the distribution of spirantisation errors in onset and coda positions in the syllabic structure is highly influenced by the aphasic profile. Indeed, while in the conduction aphasic group we observe more errors in the coda position as compared to the syllabic onset, in the Broca's group there are almost no errors in coda and syllabic onset is much more error-prone. Therefore, we collapsed the spirantisation errors across all the phonetic contexts, and conducted one logistic regression mixed model where we entered the position in the syllable structure (onset and coda) as predictor along with other factors including: task, phonological neighbourhood size, neighbourhood frequency mean, syllabic frequency, word frequency, stress, consonant type and pathology. Since we hypothesise that the pathology may affect how these factors influence the likelihood of the appearance of spirantisation errors, we included interactions in the model.
The results of the model confirm that the syllable position predicts the errors differently depending on the aphasic profile (χ 2 (1) = 21.23, p = .000). The probability of such errors happening in the syllabic coda in the conduction aphasic group is 13%, against 2% in the Broca's group in the same position. For the syllabic coda, the odds ratio decreases 12.85 times for Broca's group in comparison with conduction aphasic group (p = .000). The difference between these two groups with respect to the syllabic onset is not significant (the probability of a spirantisation error being 2% and 0.7% for Broca's and conduction aphasic group respectively). Furthermore, we observe an effect of syllabic frequency (χ 2 (1) = 5.23, p = .022), which is independent of the aphasic profile. The probability of spirantisation errors decreases for more frequent syllables, the odds ratio decreases 1.59 times for every unit of increase in syllabic frequency. Finally, the spirantisation errors were significantly predicted by consonant type (χ 2 (5) = 21.48, p = .001). The velar stop /ɡ/ triggers a spirantisation error with the highest probability in comparison to all other voiced or voiceless stops (this probability being of 6% for /ɡ/, against the probabilities lower than 3% for all the other stops). With respect to /ɡ/, the odds ratio decreases 3.52 times for voiceless bilabial /p/ (p = .007), 3.51 for voiceless velar /k/ (p = .012) and 4.30 times for voiced dental /d/ (p = .017), the least vulnerable for this type of error. Other contrasts are not significant. The results are summarised in Table 9 .
Summary of results
The goal of the analyses reported in the preceding paragraphs was to identify factors predicting three different kinds of substitution errors-devoicing, occlusivisation and spirantisation-observed in the aphasic speech output. We will summarize below the main findings according to the predictor candidate across all the tests.
First, the analyses reveal a strong effect of pathology across different contexts and error types. The clinical picture of aphasia seems to exert a quantitative and-albeit to a lesser extent-qualitative influence on the likelihood of different categories of substitution errors. This is evident in the higher number of both devoicing and occlusivisation errors in the Broca's aphasic group as compared to the conduction aphasic group, with occlusivisation errors practically absent in the latter. Of the three syllabic contexts examined, the word-initial position was the most susceptible to errors for both groups and both types of errors. This finding is consistent with evidence reported in previous studies showing that non-fluent aphasic subjects have particular difficulty with the initiation of speech (e.g. Code, 1998; Kent & Rosenbek, 1983) . Second, our results show that consonant type has a consistent effect on the likelihood of substitution errors across all the tests except for spirantisation errors. Overall, the analyses suggest that the coronal fricative /s/ and stop /d/ are the least vulnerable to errors of any kind, whereas velar fricative /x/ and stop /ɡ/ trigger more errors, with these errors being occlusivisation in the case of /x/ and spirantisation in the case of /ɡ/. This result is independent of the aphasic profile, as suggested by the absence of significant interactions between consonant type and pathology group. Another frequent error type was occlusivisation of syllable onset /f/ (/f/à/p/), observed in the Broca's group speech output. It should be noted that /f/ is the only possible fricative constituent of a complex syllabic onset in Spanish (as in frasco 'jar').
Third, a contrasting pattern of results was observed for lexical stress. Our results show that lexical stress has a facilitating effect for word-initial devoicing errors, more frequent in unstressed syllables in comparison with stressed ones, independently of the aphasic profile (a similar effect was found for omission errors by Nickels & Howard, 1999) . On the other hand, for the analyses performed on occlusivisation errors in the Broca's aphasic group, stressed syllables were found to trigger more errors than unstressed ones. This finding may suggest that occlusivisation errors in this clinical group may originate from a lack of an appropriate level of articulatory tension, especially when the articulatory tension is reinforced by phonetic factors including not only the lexical stress but also syllabic position and phonetic context. The effect of stress was not observed for spirantisation errors, a process involving articulatory weakening.
Regarding phonological neighbourhood effects, the neighbourhood size measured in the number of phonologically similar words was found to be facilitating for accuracy of production in the case of devoicing nonword-initial errors. This effect was not influenced by the aphasic profile. This result is consistent with findings for aphasic speech in English (Gordon, 2002 for lexical access; Kurowski & Blumstein, 2016 for errors related to voicing). To our best knowledge there is no study for Spanish on the effect of this variable on aphasic production, and while there are studies on its effect on lexical retrieval, we are not aware of any work on the influence of neighbourhood size on post-lexical encoding. No effect of lexeme frequency or PTHF was found in any of the analyses reported in this study. Lack of PTHF effect is consistent with previous research on aphasic speech (e.g. Gordon, 2002) . As for the word frequency, this effect may be overshadowed by a more robust neighbourhood size effect or factors intervening at phonological and phonetic encoding such as consonant type, syllabic position or lexical stress.
Finally, we observed two kinds of interactions with aphasic profile, one involving syllabic frequency and another syllabic position. In the case of non-initial devoicing errors, the conduction aphasic group proved more sensitive to syllabic frequency than the Broca's group, in the sense that conduction aphasic patients produced significantly fewer errors in frequent syllables as opposed to infrequent. These results reinforce the hypothesis that phonetic encoding follows a dual route, where one of the routes consists in accessing ready-made motor programs for frequent syllables stored in a syllabary at the interface between phonological and phonetic encoding, and the second and indirect route involves on-line assembling motor programs for infrequent or new syllables (Levelt & Wheeldon, 1994) . Moreover, the hypothesis proposed by Whiteside (1998, 2001) , which posits a loss of access to the mental syllabary in apraxia of speech (Broca's aphasia), seems congruent with our findings for Spanish-speaking aphasic subjects. Interestingly, however, this result suggests that conduction aphasic patients have difficulty with a strictly phonetic task, namely, composing motor programmes for articulation on-line. With respect to the syllabic position effect, we found that syllable onsets were overall more sensitive to errors in the Broca's group. The difference between groups concerned spirantisation errors, where we observed more errors in the coda position in conduction aphasia and in the onset position in Broca's aphasia. While the pattern of errors in the conduction aphasic group can be explained by articulatory weakening in the syllabic coda, consistent with the phonological processes in normal speech, the finding for the Broca's group calls for an entirely different interpretation, which again may be related to inappropriate articulatory tension.
dISCUSSIoN
The evidence reported in this paper can be discussed in relation to two major issues disclosed in the introduction. The first of them concerns the classical dichotomy of phonetic vs. phonological errors in aphasic speech and its relation to the clinical dichotomy of Broca's and conduction aphasia. The second concerns the seriality/interactivity axis. The present investigation contributes to these debates by providing evidence from Spanish-speaking aphasic subjects.
Three main conclusions can be drawn from the analyses reported above. First, processing at the phonetic and phonological levels of encoding, and consequently any impairment of these processes, is influenced by higher stage processes, such as competition between phonological neighbours, and this influence is similaralthough possibly robust to varying degrees-in Broca's and conduction aphasia. More specifically, the neighbourhood size plays a facilitating role and promotes accuracy in aphasic speech in patients with a phonological and phonetic level deficit. This result is consistent with that reported by Kurowski and Blumstein (2016) , a study that asks very different research questions and is also very different methodologically. Kurowski and Blumstein (2016) examine the acoustic characteristics of devoicing and voicing errors of fricative consonants /s/ and /z/ in English, while ours is a perceptual study aimed at identifying the predictors of productions perceived as segmental substitutions. Thus, while our study indicates that interactions between lexical and phonetic level exist, it cannot confirm or reject the 'traces hypothesis'. A crossed instrumental and perceptual as well as cross-linguistic study on these effects could provide further insights into the interaction between lexical and post-lexical encoding levels, including the nature of 'acoustic traces'. The second conclusion is related to the existence of common effects, either promoting or constraining errors, which are independent of aphasic profiles. Our findings lend support to the hypothesis, embraced by connectionists, that errors are sensitive to some universal aspects of speech production (see the classical study by Blumstein, 1973) . These commonalities play themselves out in the existence of preferential tendencies and variable effects in both aphasic groups and suggest that aphasic syndromes may be better described with the notion of 'spectrum of disorders' rather than clear-cut categories.
Finally, our third conclusion tones down second one. Though our findings indicate that not only disfluent but also fluent aphasic patients exhibit a phonetic disorder, they also suggest that these phonetic deficits are not entirely similar in the two groups. Particular factors, such as difficulty in initiating speech or control of articulatory tension, may reinforce the phonetic impairment in Broca's aphasia but play no role in conduction aphasia. Finally, different factors may promote accuracy depending on the clinical profile. Indeed, our results show that high frequency of syllables may facilitate correct production of consonants in conduction aphasia but not in Broca's aphasia. 
APPENdIX
